O-specific polysaccharide of Proteus penneri strain 41 was studied using I H-and IQ C-NMR spectroscopy, including twodimensional COSY, heteronuclear IQ C, I H-correlation (HETCOR) and one-dimensional NOE spectroscopy, and the following structure of a non-stoichiometrically O-acetylated hexasaccharide repeating unit was established:
Introduction
Proteus penneri is a new bacterial species proposed for strains formerly described as Proteus vulgaris biogroup I [1, 2] . Similarly to other Proteus strains, P. penneri is known to cause urinary tract infections with subsequent complications, such as acute or chronic pyelonephritis and formation of bladder and kidney stones [3] . The occurrence of these organisms as opportunistic invaders after surgery was also attributed to their carriage in the human intestine [4] . Serological classi¢cation of the genus Proteus, based on speci¢city of somatic O-antigens (lipopolysaccharides), contain 60 O-serogroups and include two species only: P. mirabilis and P. vulgaris [5, 6] . Recently a new O-serogroup, consisting of P. penneri strains only, was identi¢ed [7] . In order to create a chemical basis for classi¢cation of the strains, structural and immunochemical studies of outer-membrane lipopolysaccharides (LPSs, O-antigens) of P. penneri are being undertaken [8^13] . A number of various uncommon acidic compounds, such as amides of hexuronic acids with amino acids and ethers of sugars with lactic acid (glycolactylic acids), have been reported as their components. In particular, the O-speci¢c polysaccharide of P. penneri strain 35 has been found to contain a new isomer of N-acetylisomuramic acid, namely, 2-acetamido-4-O-[(S)-1-carboxyethyl]-2-deoxy-D-glucose [13] . However, later studies revealed that this strain was actually P. penneri strain 65, taken erroneously as strain 35, and the structure of the O-speci¢c polysaccharide of the`true' strain 35 has been established [10] . Now we report on the structure of the O-speci¢c polysaccharide of P. penneri strain 41, which is identical with P. penneri 65 polysaccharide, described in a preliminary report [13] .
Materials and methods
2.1. Bacterial strain, growth of bacteria, isolation of lipopolysaccharides and isolation of O-speci¢c polysaccharides P. penneri strain 41 (TGH 6914-2) was kindly provided by Professor Don J. Brenner (Center for Diseases Control, Atlanta, USA).
Dry bacterial cells were obtained from aerated liquid cultures as described [14] . Crude LPS preparations obtained after extraction of bacterial mass with a hot phenol-water mixture [15] were puri¢ed by treatment with cold aqueous 50% CCl Q CO P H followed by dialysis of the supernatant. Alkali-treated LPSs (LPSs-OH) were prepared by saponi¢cation of LPSs with 0.25 M sodium hydroxide (56³C, 2 h) followed by precipitation with ethanol.
Acid degradation of LPSs from P. penneri strains 41, 65 and 74 was performed with aqueous 1% HOAc at 100³C for 2 h, products were fractionated by gel-permeation chromatography on a column (3U65 cm) of Sephadex G-50 using 0.05 M pyridinium acetate bu¡er, pH 5.4, as eluent and monitoring with a Knauer di¡erential refractometer to give O-speci¢c polysaccharides. The polysaccharide from P. penneri strain 41 was O-deacetylated with aqueous 12% ammonia (50³C, 2 h).
Sugar analysis
The polysaccharide was hydrolyzed with 2 M CF Q CO P H (100³C, 4 h), monosaccharides were conventionally converted either to alditol acetates or acetylated (S)-2-butyl (GlcN) and (S)-2-octyl (Glc, Gal, Rha) glycosides [16, 17] and analyzed by GLC using a Hewlett-Packard 5890 instrument equipped with a glass capillary column (25 mU0.2 mm) coated with OV-1 stationary phase. The polysaccharide (2 mg) was oxidized with 0.1 M NaIO R (0.5 ml, 24 h, ambient temperature, in dark), reduced with NaBH R (10 mg), after desalting hydrolyzed and analyzed by GLC as above.
NMR spectroscopy
I H-and IQ C-NMR spectra were recorded with a Bruker AM-300 spectrometer in P H P O at 60³C using internal acetone (N r = 2.225, N g = 31.45) as reference. Selective spin decoupling was performed as described [18] . Two-dimensional COSY, HETCOR and onedimensional NOE experiments were performed using standard Bruker software. A mixing time of 1 s was used in the NOE experiments.
Rabbit polyclonal antiserum and serological assays
Rabbits were immunized intravenously with suspension of 50, 100, 100 and 200 Wg of heat-killed bacteria of P. penneri strain 41 in 0.5 ml of phosphate-bu¡ered saline (0.15 M NaCl and 0.015 M sodium phosphate, pH 7.2) on day 0, 4, 7 and 11, respectively. Five days after the last injection, 20 ml of blood was obtained from ear vein (IgM-rich antiserum). Rabbits received a booster injection (500 Wg) on day 51 and were examined on day 58 (IgG-rich antiserum).
Agglutination test [19] and enzyme immunoabsorbent assay (EIA) using LPS-BSA complexes as solid phase antigens [20] were performed according to published methods. Passive immunohemolysis, inhibition of passive immunohemolysis, absorption experiments, SDS-PAGE and Western-blot were performed as described earlier [9] .
Results

Bacterial strain and isolation of O-speci¢c polysaccharide
P. penneri strain 41 (TGH 6914-2) belongs to the second American collection of P. penneri strains.
O-speci¢c polysaccharides were obtained by mild acid degradation of LPSs isolated from dry bacterial cells of P. penneri strains 41, 65 and 74 by the phenol-water procedure [15] . As judged by the I H-and IQ C-NMR spectra, the polysaccharides from all three strains had the same structure, and only that from strain 41 was studied further.
Composition of O-speci¢c polysaccharide
The I H-and IQ C-NMR spectra showed that the polysaccharide lacked strict regularity, most probably, due to the presence of O-acetyl groups in non-stoichiometric amount (there were signals for an O-acetyl group at N r = 2.01 and N g = 21.5 (Me)). Treatment of the polysaccharide with aqueous ammonia resulted in an O-deacetylated polysaccharide which gave NMR spectra typical of a regular polymer. According to the I H-and IQ C-NMR data (Tables 1 and 2, Fig. 1 ), it has a hexasaccharide repeating unit (there were signals for six anomeric protons in the region N r = 4.53^4.60 and six anomeric carbons in the region N g = 99.6^103.6). The repeating unit contains two 6-deoxy hexose residues (signals for H6 at N r = 1.25 and 1.32 (each 3H, d, J SYT = 6 Hz) and C6 at N g = 18.0 (2C)), two N-acetylated amino sugars (signals for two carbons bearing nitrogen at N = 55.9 and 56.5 and two N-acetyl groups (N r = 2.02 and 2.06; N g = 23.7, 24.1 (Me), 175.4 and 175.7 (CO)), and an ether-linked lactic acid residue (N r = 1.30 (3H, d, J PYQ = 7 Hz, H3) and 4.42 (1H, q, H2); N g = 18.8 (C3) and 182.3 (C1)), cf. published data [21, 22] ).
Sugar analysis of the polysaccharide revealed Lrhamnose, D-glucose, D-galactose, and 2-acetamido-2-deoxy-D-glucose in the ratios V2:1:1:1, identi¢ed by GLC as alditol acetates and acetylated (S)-2-octyl and (S)-2-butyl glycosides [16, 17] . The sixth component of the repeating unit, a lactic acid-linked amino sugar, was not detected in GLC. It was isolated by solvolysis of the polysaccharide with anhydrous hydrogen £uoride followed by anion-exchange chromatography and identi¢ed as 2-acetamido-
2) by I H-and IQ C-NMR spectra, retention time in HPLC and speci¢c optical rotation value compared with those of the authentic sample as described [13] .
Therefore, the polysaccharide has a hexasaccharide repeating unit containing two L-Rha residues and one residue each of D-Glc, D-Gal, D-GlcNAc, and D-RGlcNAc.
Structural studies
The I H-NMR spectrum of the O-deacetylated polysaccharide was assigned using sequential, selective spin decoupling, two-dimensional COSY and H,H- relayed COSY (Table 1 ) and the spin systems for the six sugar residues in the repeating unit were identi¢ed on the basis of the chemical shifts and Q J rYr coupling constant values [23] . The spin systems for GlcNAc and RGlcNAc were distinguished from that of Glc by lower ¢eld position of the signal for H2 (N = 3.93 and 3.91, as compared to N = 3.30, respectively). The spin system for RGlcNAc was identi¢ed by a signi¢cant NOE on H4 at N = 3.51 which was observed as a result of pre-irradiation of H2P of the lactic acid residue at N = 4.22.
As judged by the J IYP coupling constant values, GlcNAc, RGlcNAc and Glc were L-linked (J IYP = 7.5^8 Hz), while Gal was K-linked (J IYP = 4 Hz). Both rhamnose residues (Rha s and Rha ss ) were K-linked, as followed from the position of the signals for H5 at N = 3.71 and 3.85 (cf. the chemical shift N = 3.86 for the H5 resonance in K-Rha, but N = 3.39 in L-Rha [24] ) and from the absence of any NOE on H3 and H5 on pre-irradiation of H1 of the same sugar unit.
Linkage and sequence analysis of the O-deacetylated polysaccharide were performed using one-dimensional NOE experiments with sequential, selective pre-irradiation of H1 of each sugar unit. The following transglycosidic NOEs were observed: Gal H1/GlcNAc H3 at N = 5.62/3.87, GlcNAc H1/Rha .38. Therefore, the polysaccharide is branched, Glc is the lateral sugar residue, GlcNAc and RGlcNAc are 3-substituted, Rha s is 2,3-disubstituted, Rha ss 2-substituted, and Gal 2-substituted or 3-substituted. These data suggested also the full sequence of the sugar residues in the polysaccharide.
Assignment of the IQ C-NMR spectrum of the Odeacetylated polysaccharide which was performed using a two-dimensional HETCOR experiment (Table 2) , was in agreement with the results of the NOE experiments. Thus, signi¢cant low-¢eld displacements of the signals for C2 of Rha ss , C2 and C3 of Rha s to N = 78.6^78.8, C3 of GlcNAc and RGlcNAc to N = 82.0 and 81.0, respectively, as compared with their positions in the spectra of the corresponding unsubstituted monosaccharides [24, 25] , were due to the K-e¡ects of glycosylation and con¢rmed the substitution pattern of the sugar residues. Because of the coincidence of the signals for H2 and H3 of Gal at N = 3.94, the corresponding carbon signals at N = 75.4 and 70.2 could not be assigned directly from the HETCOR experiment. However, calculation of the chemical shifts using a published method [25] which takes into account both K-and L-e¡ects of glycosylation, showed that the former signal belonged to C2 and the latter to C3 and, therefore, Gal is 2-substituted. This was con¢rmed independently by periodate oxidation of the O-deacetylated polysaccharide which resulted in full destruction of Glc and Gal and half of the Rha residues.
The IQ C-NMR spectrum of the O-speci¢c polysaccharide exhibited two series of signals, which belonged to the O-acetylated and non-O-acetylated forms. Comparison of both series to each other and to the spectrum of the O-deacetylated polysaccharide showed marked di¡erences in the positions of the signals for C6 and C5 of Gal which were at N = 64.1 and 69.5 in the O-acetylated form and at N = 62.3 and 72.3 in the non-O-acetylated form, respectively. These di¡erences corresponded to the Kand L-e¡ects of O-acetylation [26] and, hence, some Gal residue carries the O-acetyl group at position 6. As judged by the intensities of the signals for the Oacetylated and non-O-acetylated residues, the degree of O-acetylation is V35%.
On the basis of the data obtained, it was concluded that the O-speci¢c polysaccharide of P. penneri strain 41, as that of strains 65, 74, has the following structure: 
Serological studies
From P. penneri strains belonging to the ¢rst (12 0) and the second (21^45) American collections as well as German (50^58) and Polish (61^74) strains from the European collection (68 strains in total), only the homologous strain and eight heterologous strains (P. penneri 56, 61, 63, 64, 65, 70, 73 and 74) reacted with anti-P. penneri 41 O-serum in a preliminary agglutination test.
LPSs were isolated from all cross-reactive strains and O-deacylated by alkaline treatment. The resulting LPSs-OH were coated on sheep red blood cells (0.2 ml) in increasing concentration from 2 to 200 Wg and tested in passive immunohemolysis with anti-P. penneri 41 O-serum ( Table 3 ). The antigens from P. penneri strains 56, 61, 64, 65, 70, 73, and 74 reacted strongly, the reaction being identical to that of the homologous strain. LPS-OH from P. penneri strain 63 showed only a weak reaction.
The speci¢city of the cross-reactions was con¢rmed using inhibition of passive immunohemolysis in the test system P. penneri 41 LPS-OH/anti-P. penneri 41 O-serum with various LPSs as inhibitors (Table 4). As little as 1^2 ng of the homologous LPS and of seven heterologous LPSs was su¤cient to inhibit the reaction. LPS of P. penneri strain 63 showed a weaker inhibitory activity which was consistent with its low reactivity in passive immunohemolysis.
These data suggested that from the nine investigated P. penneri strains, eight belong to the same Oserogroup. The epitope identity of the corresponding LPSs was con¢rmed using passive immunohemolysis with the absorbed O-antiserum, EIA with LPS-BSA complexes, and Western-blot.
The reactivity in passive immunohemolysis of anti-P. penneri 41 O-serum with all but one (P. penneri 63) antigens tested was completely abolished when the antiserum was absorbed with LPSs-OH from the homologous strain and seven heterologous strains (P. penneri 56, 61, 64, 65, 70, 73 and 74). Absorption with P. penneri strain 63 LPS-OH did not in£uence the antiserum titer level in either the homologous or remaining heterologous test systems that indicated the lack of similarity between this and the other antigens tested.
In EIA, complexes of LPSs with BSA showed the identical reaction with anti-P. penneri 41 O-serum, except for that of P. penneri strain 63 which showed a weak reaction (Table 4) . Finally, Western-blot displayed identical separation pattern of the cross-reactive LPSs with respect to both low and high molecular mass fractions, while the pattern of P. penneri strain 63 LPS was again di¡erent (Fig. 3) .
Discussion
As most other P. penneri O-antigens, that of strains 41, 65 and 74 are acidic polysaccharides containing an isomer of N-acetylmuramic acid (Fig. 2) which, to the best of our knowledge, has not been found in any other polysaccharide. N-acetylmuramic acid commonly known as a component of bacterial cell-wall peptidoglycan [27] , has been found in the Ospeci¢c polysaccharide of Yersinia ruckerii [28] , whereas another isomer of N-acetylmuramic acid, 25600  12800  12800  6400  6400  8  12800  12800  25600  6 100  25600  12800  12800  12800  12800  16  12800  25600  25600  6 100  51200  12800  12800  12800  25600  32  25600  51200  25600  400  51200  25600  25600  12800  25600  64  25600  51200  25600  1600  51200  25600  51200  25600  51200  128  51200  51200  51200  3200  51200  51200  51200  25600  51200  200  51200  51200  51200  3200  51200  51200  51200  25600  51200 2-acetamido-3-O-[(S)-1-carboxyethyl]-2-deoxy-D-glucose (N-acetylisomuramic acid), was reported in the O-antigens of a number of other P. penneri strains [11, 21] .
On the basis of serological studies with LPSs, it could be concluded that P. penneri strains 41, 56, 61, 64, 65, 70, 73 and 74 belong to the same O-serogroup which di¡ers from the already described Proteus O-serogroups [5^7]. We propose to describe this new, separate serogroup as Proteus O62 which is the second, after O61 [7] , Proteus serogroup consisting of P. penneri strains only. Structural identity of the O-speci¢c polysaccharides of P. penneri O62 strains which de¢ne their position in the same Oserogroup, was demonstrated by investigation of three randomly selected LPSs from P. penneri strains 41, 65 and 74.
Being serologically di¡erent, P. penneri strain 63 is not included in the Proteus O62 serogroup, and its cross-reactivity does not seem to be associated with a similarity of the O-antigen. To clarify the molecular basis of the cross-reactivity between this strain and anti-P. penneri strain 41 O-serum requires more detailed studies of the antiserum epitope speci¢city.
No serological cross-reactivity was observed between anti-P. penneri 41 O-serum and N-acetylisomuramic acid-containing P. penneri 19, 35 and 62 strains [10, 21] that may be accounted for by di¡erent positions of the (S)-lactic acid residue in GlcNAc and di¡erent structures of the O-speci¢c polysaccharides. In particular, the isomer 1 is located in the side chain of the O62 antigen, while N-acetylisomuramic acid occurs in the main chain of the Oantigens of P. penneri strains 19, 35, and 62 [10, 21] . Therefore, these strains may be considered The data for the homologous LPS are italicized. as candidates for a further Proteus serogroup (or serogroups).
